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Abstract: The acoustic signature of a controlled-diffusion airfoil im-mersed in a flow is 
experimentally characterized. Acoustic measure-ments have been carried out in an 
anechoic open-jet-wind-tunnel for low Reynolds numbers (from 5  104 to 4.3  105) and 
several angles of attack. As with the NACA0012, the acoustic spectrum is dominated by 
discrete tones. These tonal behaviors are divided into three different regimes. The first one 
is characterized by a dominant primary tone which is steady over time, surrounded by 
secondary peaks. The second consists of two unsteady primary tones associated with 
secondary peaks and the third consists of a hump dominated by several small peaks. A 
wavelet study allows one to identify an amplitude modulation of the acoustic signal 
mainly for the unsteady tonal regime. This amplitude modulation is equal to the 
frequency interval between two successive tones. Finally, a bispectral analysis explains 
the presence of tones at higher frequencies.
1. Introduction
In 1973, Paterson et al. investigated the noise emitted by a NACA0012 profile im-
mersed in flow.1 For low to moderate Reynolds number, they showed that the acoustic
spectrum is dominated by discrete tones. They defined a formula describing the evolu-
tion of the frequency of the dominant tone as a function of the flow velocity, the chord
profile, and the air viscosity. However, the ladder-type structure of the frequency evo-
lution was not explained. A year later, Tam2 suggested a feedback loop process to ex-
plain the ladder-type structure. Since then several studies have been conducted experi-
mentally and numerically on NACA0012 profiles, mainly to understand the feedback
loop mechanism.3–5 These studies seem to converge towards a boundary layer instabili-
ty triggering an acoustic feedback between the transition zone and the trailing edge.
Recent studies have also shown that the secondary tones are linked by an amplitude
modulation of the acoustic signal.6,7 In this study, the interest is not focused on the
NACA0012 but on an industrial cambered controlled diffusion airfoil, called the CD
profile. This profile reduces drag and has been used for turboengine compressor blades,
automotive engine cooling fan systems, and heat and ventilation air-conditioning sys-
tems. The aerodynamic and acoustic characteristics of this profile have been investigat-
ed both numerically and experimentally8–12 especially at moderate and high angles of
attack. In the present study, noise generated by this profile at low angle of attack is ex-
perimentally studied. The results are compared with previous observations derived
from the NACA0012, and advanced signal processing tools are used to understand the
presence of discrete tones.
2. Experimental set-up
Acoustic measurements have been carried out on a CD profile in the anechoic open-
jet-wind-tunnel at Universite de Sherbrooke. This open-jet wind tunnel is found to
have a uniform mean flow in the test section with limited boundary layers due the
strong contraction (1:25) and to have consequently a low inlet turbulence intensity
(less than 0.4%).13 The CD profile is a thin cambered profile with a 4% relative thick-
ness [Fig. 1(a)]. The test model has a chord length of c¼ 135mm and a span of
l¼ 300mm, placed vertically at the exit of a square 300 300mm2 nozzle between two
horizontal Plexiglas plates [Fig. 1(b)]. Measurements were conducted for flow velocities
between U0¼ [6–50] m/s which correspond to Reynolds numbers based on the chord
(Rec¼U0c/ with  the air kinematic viscosity) from Rec¼ 5 104 to 4.3 105. The
angle of attack (AoA) of the profile was varied from a¼ 0 to 16. Flow temperature
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was controlled at 21 C by a heat and ventilation air-conditioning system. Far-field
acoustic measurements have been carried out in order to characterize the acoustic sig-
nature of the CD profile. Two Bruel&Kjaer microphones No. 4957 were placed per-
pendicular to the flow direction on both sides of the airfoil at 1.34m from the trailing
edge. Acoustic signals were acquired with Bruel&Kjaer LAN-XI modules for 100 s at
65 536Hz. The experimental set-up has been described in detail by Padois et al.13
3. Acoustic signature of the CD profile
As in Paterson’s study on the NACA0012 profile, the acoustic signature of the CD
profile is studied with respect to the flow velocity (or the Reynolds number) and the
AoA. For each couple (Rec, a), the power spectral density (PSD) of the microphone
signal on the airfoil pressure side is computed. The acoustic signature on the suction
side is similar to that shown in Padois et al.13 The PSD is obtained with 65 536 points
per time segment weighted by a flattop window and 50% overlap which lead to a fre-
quency resolution of Df¼ 1Hz. The PSD of the microphone signal exhibits two main
behaviors which are broadband and tonal. For each case, the presence of a tone was
searched for and reported in Fig. 1(c) in relation to the AoA and the Reynolds num-
ber. For a> 12 and all flow velocities, the acoustic signature of the CD profile is al-
ways characterized by a broadband noise, without tones, caused by an early transition
to turbulence on the suction side and consequently a fully turbulent flow near the trail-
ing edge. For a< 10, the two behaviors (broadband and tonal) can be clearly distin-
guished. For a< 6 and Rec> 2.6 105, the PSD of the microphone signal exhibits a
hump with tones similar to the results of Arbey et al.3 and more recently by Chong
and Joseph14 and Salas and Moreau.15 When the AoA increases, the tones disappear
and the acoustic signature becomes broadband. Indeed tonal noise does not appear
when increasing both the Reynolds number and the angle of attack as already noted
by Desquesnes et al.6 on the NACA0012. For low Reynolds number (Rec< 2.6 105)
and low AoA (a< 10), the PSD of the microphone signal is characterized by discrete
tones commonly associated with amplified boundary layer instabilities that are scat-
tered at the trailing edge. The zone of tonal noise on the CD profile seems to be more
upright than on the NACA0012 taken from Desquesnes et al.6 In order to compare
Fig. 1. (a) (Color online) Controlled-diffusion airfoil and (b) experimental set-up. (c) Presence of discrete tones
in relation to the Reynolds number and angle of attack. The gray triangles represent the broadband behavior.
The black dots, crosses, and circles are the tonal behavior. The black crosses and circles distinguish the steady
and unsteady cases (see Sec. 4). (d) Evolution of the frequency of the discrete tone versus the flow velocity.
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with the NACA0012 results, the case a¼ 0, which is in the NACA0012 limits of tonal
noise, is investigated.
For each PSD of the microphone signal, the frequency f of the primary and
secondary tones are searched and reported with respect to the flow velocity in Fig.
1(d). Overall, the frequency of the primary tone seems to follow Paterson’s law, which
refers to a vortex shedding regime
f ¼ K U1:5= ffiffiffiffifficp ; (1)
where K is a constant equal to 0.017 for the CD profile (0.011 for a NACA0012).
However, the tones follow the ladder-type structure described by Tam’s model and
found in several previous studies.14,16 Therefore, the evolution of the frequency sug-
gests that the tones on the CD profile are also generated by an acoustic feedback due
to instabilities in the boundary layer.
4. Power spectral density and spectrogram of the microphone signal
To highlight the different acoustic signatures of the CD profile, three flow velocities
are investigated U0¼ [16–20–34] m/s (with a¼ 0). All of these cases correspond to a
tonal behavior. Figures 2(a)–2(c) show the PSD of the microphone signal on the pres-
sure side. The background noise, which corresponds to the noise generated without the
profile, is also shown. For each case, the noise generated by the interaction of the flow
with the profile clearly emerges from the background noise.
When U0¼ 16m/s, the PSD of the microphone signal exhibits a primary tone
at 779Hz which is 20 dB/Hz above the secondary tones. The frequencies of the second-
ary tone are 653 and 904Hz, respectively. The frequency spacing between the primary
tone and the secondary tones are 126 and 125Hz, respectively. Two tones at higher
frequencies with lower sound pressure levels are also present (1558 and 2337Hz).
When U0¼ 20m/s, the PSD of the microphone signal exhibits two primary
tones at 963 and 1120Hz with almost the same magnitude. Two secondary tones on
each side are present, 808 and 1284Hz. At higher frequencies, three peaks are present
at 1771, 1928, and 2238Hz. The frequency spacing between the primary tones and the
secondary tones is in average 159Hz.
When U0¼ 34m/s (hump with tonal case), the tone detection is more difficult
because of the higher background noise level and the decrease of the sound pressure
level of the broader tones. However, a primary tone exists at 2843Hz with secondary
tones at 2577 and 3310Hz. A tone at 2363Hz is also present.
The PSD is a good estimator of the frequency content of a signal, however, it
does not bring information about the time evolution. In the following the spectrogram
of the microphone signal is computed in order to obtain the time history of the
Fig. 2. (Color online) Power spectral density (top) and spectrogram (bottom) of the microphone signal on the
pressure side. The flow velocity is set to (a),(d) U¼ 16m/s, (b),(e) U¼ 20m/s, and (c),(f) U¼ 34m/s and the an-
gle of attack is set to a¼ 0.
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frequency content [Figs. 2(d) to 2(f)]. When U0¼ 16m/s or U0¼ 34m/s, the primary
tone exists during the 100 s of the acquisition, especially for the lowest flow velocity
where the spectrogram depicts a continuous line at the frequency of the primary tone.
These two tonal cases are referred to as the steady case. When U0¼ 20m/s, the acous-
tic behavior of the primary tone is completely different. The primary tone frequency
switches between the two frequencies previously identified. When the tone at 963Hz
appears, the tone at 1120Hz disappears, and conversely. Moreover, the presence of the
tone at 963Hz is shorter but the sound pressure level is higher. This case is referred to
as the unsteady case and is shown by crosses in Fig. 1(c). To summarize, the tonal be-
havior has three different cases, the steady tones [Fig. 2(a) and 2(d)], the unsteady
tones [Fig. 2(b) and 2(e)] and the steady hump with tones [Fig. 2(c) and 2(f)]. The three
cases are investigated with advanced signal processing tools in the Sec. 5.
5. Wavelet transform of the microphone signal
In order to investigate the unsteady behavior of the acoustic signal, a wavelet analysis
is used. The acoustic signal is divided into a time segment of 16 384 samples and a
Morlet wavelet is used.17 This signal processing tool is used to perform a time frequen-
cy analysis of the acoustic signal with a better time resolution. Figures 3(a) to 3(c)
show the normalized square modulus of the wavelet transform coefficients for a time
segment. In all cases, maxima at steady time intervals occur. Moreover, these maxima
appear at the frequency of the primary tone. This phenomenon has been assigned to
an amplitude modulation of the acoustic signal by Pr€obsting el al.7 To get better in-
sight into the amplitude modulation, the maximum of the wavelet transform coeffi-
cients is searched and the time signal is extracted. Then, the PSD of the time signal is
computed. This processing is repeated for all the acoustic time history in order to aver-
age the PSD. Figures 3(d) to 3(f) show the PSD for the three cases. For the steady
cases, peaks at 120 and 268Hz hardly emerge from the PSD. These frequencies corre-
spond to the frequency spacing obtained in the PSD of the microphone signal. For the
unsteady case, the PSD clearly exhibits a peak at 160Hz and a second at twice the fre-
quency which means that the amplitude modulation is stronger in this case.
Fig. 3. (Color online) Normalized square modulus of the wavelet coefficients of the microphone signal on the
pressure side (top). The black line is the extracted time signal. Power spectral density of the extracted time signal
(bottom). The flow velocity is set to (a),(d) U¼ 16m/s, (b),(e) U¼ 20m/s and (c),(f) U¼ 34m/s and the angle of
attack is set to a¼ 0.
Table 1. Bicoherence concept.
Linear interaction Non-linear interaction
Three independent sources at f1, f2, f3 Two sources f1 and f2 with f3¼ f1 þ f2
Bicoherence¼ 0 Bicoherence¼ 1
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6. Bicoherence of the microphone signal
In order to understand the presence of high frequency peaks in the PSD of the acoustic
signal, the bicoherence is computed for each case. This advanced signal processing tool
allows one to find the quadratic nonlinear interactions and phase coupling between
three waves. It corresponds to a third order Fourier transform or cumulant spectrum
of the three signals that measures their phase coherence, whereas the PSD is a second
order Fourier transform or cumulant spectrum that is independent of the phases of the
waves. Therefore, if several tones are present in the PSD, the total number of indepen-
dent sources cannot be identified. The only information provided by the PSD is the fre-
quency and the magnitude of the tones. The bicoherence, by providing the phase cou-
pling, allows one to discover if a tone has been created by the quadratic nonlinear
interaction between two signals. For example, if three tones at frequencies (f1, f2, f3)
are present in the PSD of the microphone signal, it is impossible to identify the total
number of independent sources, i.e., three independent sources or two sources which
non-linearly interact to create a third one. Similar to the coherence, the bicoherence is
bounded between 0 and 1. A bicoherence value of 1 means that a non-linear interac-
tion creates the third peak (see Table 1). The bicoherence result is a two dimensional
map with frequency axes in both directions. Therefore in the case of the CD airfoil
noise, the bicoherence determines if the tones in the PSD are created by a single or sev-
eral sources.
The acoustic signal is divided into time segments of 4096 points and 800 aver-
ages are used to compute the bicoherence. The two dimensional maps are shown in
Fig. 4 for each case. For the highest flow velocity [Fig. 4(c)], the bicoherence exhibits a
maxima at 2577Hz with a value of 0.6. This frequency corresponds to the second peak
of the PSD of the microphone signal. However, no peak exists at twice this frequency
maybe due to the high background noise or a weak non-linear interaction. For the
lowest flow velocity [Fig. 4(a)], the maxima is found at the frequency of the primary
tone 779Hz and the bicoherence value at this frequency is 0.82. Therefore, the peak at
twice this frequency (f¼ 2 779¼ 1558Hz) is created by a non-linear interaction of
the primary tone. Moreover, a peak at 1681Hz emerges from the PSD of the micro-
phone signal with a low sound pressure level. The bicoherence shows that this peak is
caused by the non-linear interaction of the primary tone at 779Hz and the secondary
tone at 904Hz. Another interaction occurs between the primary tone at 779Hz and
the secondary tone at 653Hz but no peak is visible in the PSD of the microphone sig-
nal. This suggests that the sound pressure level of the secondary tone is too low which
prevents the emergence of this peak from the background noise. The bicoherence of
the unsteady case exhibits two main maxima with high values. These maxima corre-
spond to the primary tones at 963 and 1120Hz which alternately appear in the spec-
trogram of the microphone signal. These primary tones interact to create the two
peaks at 1928 and 2238Hz. The peak at 1771Hz is created by the interaction of the
primary tone at 963Hz and the secondary tone at 808Hz.
7. Conclusion
A detailed acoustic study has been carried out on a CD airfoil in order to characterize
its acoustic signature at low Reynolds numbers. Three different tonal noise regimes
have been identified. The first one is characterized by a primary tone steady over the
time associated with several secondary tones. The second one consists in two unsteady
primary tones still associated with secondary tones, and the third one that appears for
larger Reynolds number is a hump dominated by several small steady peaks. Overall,
the frequency of the primary tone seems to follow Paterson’s law with respect to the
Fig. 4. (Color online) Bicoherence of the microphone signal on the pressure side. The flow velocity is set to (a)
U¼ 16m/s, (b) U¼ 20m/s, and (c) U¼ 34m/s and the angle of attack is set to a¼ 0.
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flow velocity but with a different coefficient than the NACA0012. Moreover, the
ladder-type structure described by Tam’s law fits with the experimental data well. A
wavelet analysis has allowed the identification of an amplitude modulation of the
acoustic signal mainly in the unsteady case. This amplitude modulation is equal to the
frequency interval between two successive tones. Finally the presence of peaks at
higher frequency has been associated with a non-linear interaction of the primary and
secondary tones with the bicoherence of the microphone signal.
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